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I 

An acce lera t ion- l imi t ing  con t ro l  w a s  used on a tu rbo  je t  engine i n  
order t o  s tudy  t h e  f e a s i b i l i t y  of i t s  use as an acce le ra t ion  control.  
A propor t iona l -p lus- in tegra l  type of con t ro l l e r  w a s  used i n  this  i n -  
ves t iga t ion .  
control-system response and s t a b i l i t y .  
terms of schedule overshoot and acce lera t ion  t i m e  as a func t ion  of 
control-parameter settings and input disturbance rate . 

Transient response da ta  were obtained t o  inves t iga t e  t h e  
The response was evaluated i n  

Both schedule overshoot and acce lera t ion  time were found t o  be a 
func t ion  of r a t e  of input disturbance, schedule l eve l ,  s y s t e m  gain, and 
c o n t r o l l e r  t i m e  constant. A l l  t hese  parameters, therefore ,  m u s t  be 
ad jus ted  t o  provide a compromise between fas t  acce le ra t ion  and small 
overshoot. 
p ropor t iona l -p lus- in tegra l  speed - fuel-f low control,  a two-loop c o n t r o l  
resulted. Both con t ro l  loops must be ad jus ted  t o  provide a compromise 
between good acce lera t ion  c h a r a c t e r i s t i c s  and s teady-s ta te  performance 
of t h e  speed control.  
i ng  an acce le ra t ion  t r ans i en t ,  bo th  the  one-loop and two-loop con t ro l s  
would add r a t h e r  than  sub t r ac t  f u e l  flow and dr ive  the engine f u r t h e r  
i n t o  undesirable regions. Therefore, t h i s  s y s t e m  would not be safe 
without an overriding control.  
l i m i t i n g  schedule has a n  advantage over o ther  l i m i t  schedules i n  
t h e r e  i s  less dependence upon s teady-s ta te  operating l i n e s .  

When t h e  acceleration-limiting con t ro l  w a s  added t o  a 

If t h e  engine should go i n t o  s t a l l  o r  surge dur- 

However, t h e  use of an acce lera t ion-  

INTRODUCTION 

. 

.* 

Acceleration-limiting con t ro l s  of t h e  type considered i n  t h i s  re- 
p o r t  au tomat ica l ly  l i m i t  engine parameters such as f u e l  flow, compressor 
discharge pressure, temperature, or acce lera t ion  according t o  a. pre-  
determined s c he dule . Invest  i g a t  ions of temper at ur e - l i m i t  e d a c  ce lerat i o n  
con t ro l s  have been presented i n  references 1 and 2. 
f u e l  flow, compressor discharge pressure, or  temperature has a d i s t i n c t  

Eowever, l i m i t i n g  
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disadvantage i n  t h a t  the s e t t i n g  of the schedule l i m i t  depends on the 
s teady-state  operat ing l ine .  Any devia t ion  from t h i s  l i n e  caused by 
engine de te r iora t ion ,  production deviat ions,  or sensor  e r r o r s  could o f f -  
se t  the  schedule l i m i t ,  The use of acce le ra t ion  as a schedule l i m i t  
would minimize t h i s  disadvantage i n  that  steady-state acce le ra t ion  i s  
always zero. 

An inves t iga t ion  of an acce lera t ion- l imi t ing  schedule c o n t r o l  using 
a constant acce lera t ion  l i m i t  has  been presented i n  re ference  3. Since 
the s t a l l  and surge acce lera t ions  are a func t ion  of speed, however, a I+ 

constant-acceleration l i m i t  cannot give optimum performance. Therefore, P 
aJ 
IJ an experimental program was conducted w i t h  a cce l e ra t ion  l i m i t  scheduled 

as a. funct ion of speed. This  schedule w a s  shaped t o  s k i r t  t h e  s t a l l  and 
surge region. A study of t h e  margin necessary between t h e  accelerat ion-  
l i m i t  schedule and s t a l l  and surge acce lera t ions  w a s  made f o r  s e v e r a l  
influencing f a c t o r s  such as input  disturbance rate and c o n t r o l  var ia -  
t i ons .  In  order  t o  t e s t  the p r a c t i c a l i t y  of t h e  acce le ra t ing  cont ro l ,  a 
speed - fuel-flow con t ro l  w a s  added t o  s tudy  t h e  operat ion of the com- 
bined system. 

CONTROL SYSTEMS 

Ac c e ler  at ion  -Limi t i ng C o n t  r o 1 

A block diagram of the acce lera t ion- l imi t ing  c o n t r o l  i s  shown i n  
f i g u r e  l (a ) .  
s i e n t  or s teady-s ta te  operation. During an acce lera t ion  t r a n s i e n t ,  t h e  
demand simulates a s i g n a l  from the operator  t o  accelerate. Signals  
proport ional  t o  speed and acce lera t ion  are obtained through t h e  use of 
the speed and acce lera t ion  sensor circuits.  The speed s i g n a l  i s  appl ied  
t o  the funct ion generator u n i t  t o  provide the acce lera t ion- l imi t ing  
schedule. The acce lera t ion  s i g n a l  i s  compared with the scheduled ac- 
ce le ra t ion  s ignal ,  and t h e  r e s u l t i n g  e r r o r  serves as an input  t o  t h e  ac- 
ce le ra t ion  con t ro l l e r .  The ac t ion  of t h e  c o n t r o l l e r  i s  a proport ional-  
p lus- in tegra l  type t o  produce B desired fuel-f low correc t ion .  However, 
the proport ional-plus- integral  con t ro l  i s  i n  para l le l  w i t h  a low -gain 
proport ional  c i r c u i t  (fig. l (b ) ) ,  and thus t h e  output i s  l imi ted  t o  
negative values. The operat ion of t h i s  c i r c u i t  can be explained w i t h  
t h e  following equations (symbols are def ined i n  the Appendix). 

The demand s i g n a l  sets the fuel-flow rate f o r  e i ther  t r a n -  

When Vo<.O,  t h e  diode does not conduct, and 
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When V o >  0, t h e  diode conducts, and 

Since R3 i s  much less than  R 2  o r  R1, t h e  p o s i t i v e  output i s  
negl ig ib le .  

Acceleration-Limiting-Plus-Speed - Fuel-Flow Control 

A block diagram of t h e  speed con t ro l  and acce lera t ion- l imi t ing  con- 
t r o l  is  shown i n  f i g u r e  2(a). The ac t ion  of the acce le ra t ion  loop i n  
t h e  two-loop c o n t r o l  i s  exactly the same as i n  t h e  acce lera t ion- l imi t ing  
control.  
speed demand, however, rather than  a fuel-flow demand. 
t r o l ,  engine speed i s  sensed, and the  speed s i g n a l  is compaxed w i t h  a 
demand speed s igna l .  
p ropor t iona l -p lus- in tegra l  c o n t r o l  t h a t  governs t h e  demand fue l  flow. 
When the speed e r r o r  g e t s  l a r g e r  than a preset value, the ga in  of the 
c o n t r o l  i s  decreased t o  s t a b i l i z e  the  two-loop s y s t e m .  A schematic 
diagram of t h e  s t a b i l i z i n g  u n i t  used f o r  t h i s  purpose i s  shown i n  f i g u r e  
2(b) .  
fo l lows  : 

The demand on t h e  combined system i s  made i n  t h e  form of a 
I n  the speed con- 

The speed e r r o r  s i g n a l  i s  operated on by a 

The operation of t h i s  nonlinear element can be explained as 

When VA P3E, t h e  diode does not conduct, and 

Rk 1 

Ri 
1 vo = - - vi 

When VA > P3E, t h e  diode conducts, and 

R: 

v:, = v; 

Since R; > R;, t h e r e  i s  a l a rge  decrease i n  ga in  when VA > P3E. 
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COMPONENT DYNAMICS 

Sensors 

Engine speed. - A voltage propor t iona l  t o  speed w a s  obtained by 
e lec t ronic  conversion of pu lses  obtained from a magnetic pickup i n s t a l l e d  
i n  t h e  compressor housing opposite a row of compressor blades.  The pick- 
up and e lec t ronic  c i r c u i t  had no measurable dynamics i n  t h e  range of 
i n t e r  est . 

Engine accelerat ion.  - A voltage propor t iona l  t o  acce le ra t ion  was 
obtained by e l e c t r o n i c a l l y  d i f f e r e n t i a t i n g  the speed sensor output . 
However, differen-kiat ion an rp l i f  ies noise coqonen t s  p ropor t iona l ly  w i t h  

frequency. Therefore, a high frequency f i l t e r  i n  t h e  form of 

w a s  added i n  which TF w a s  set a t  0.03 second. 

1 
(1 +T$S)Z 

Engine t a i l p i p e  temperature. - A system of thermocouples was sgaced 
i n  t h e  t a i l p i p e  t o  give a s i g n a l  propor t iona l  t o  an average temperature. 
The system responded with an approximate f i r s t - o r d e r  l a g  with a t ime 
constant that var ied with speed from 0.63 t o  0.33 second. 

A thermocouple compensator of a lead-lag-lag nature w a s  used t o  
provide a s i g n a l  response f la t  t o  1 6  cycles  pe r  second at  an engine speed 
of 4250 r p m  and an overcompensated response a t  higher speeds. 
complete descr ip t ion  i s  given i n  reference 2. 

A more 

F u e l  System 

Fuel was f e d  t o  t h e  engine manifolds through a d i f f e r e n t i a l -  
reducing-valve type of flow regula tor  that maintains a constant pressure  
drop across a t h r o t t l e ,  
100 cycles per  second. 
hydraulic servomotor. 
e s s e n t i a l l y  f la t  t o  20 cycles  pe r  second. The con t ro l  system thus- var ied 
t h e  fuel flow by  varying t h e  voltage impressed upon t h e  electro-hydraul ic  
servomotor. 
and used f o r  t r a n s i e n t  f ue I-f low measurements . 
of t h i s  system i s  given i n  ref. 4.) 

The response of t h i s  valve system w a s  f l a t  t o  

The response of t h i s  u n i t  t o  an input voltage w a s  
The t h r o t t l e  a r e a  w a s  varied b y  an e l ec t ro -  

A s i g n a l  propor t iona l  t o  t h e  t h r o t t l e  area w a s  c a l i b r a t e d  
(A complete descr ip t ion  

Engine Dynamics 

S p p .  - The frequency re- 
sponse of engine speed and acce lera t ion  t o  f u e l  flow as approximated 
from experimental data is  shown i n  f i gu re  3. 
represents  engine dynamics a t  4500 rpm. 

The frequency response 
The t r a n s f e r  func t ion  which 

rp 
W r r 
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approximately f i t s  the  speed - fuel-flow response i s  given by 
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Because acce lera t ion  t r a n s i e n t  t imes are r e l a t i v e l y  short, about 5 sec- 
onds f o r  t h e  complete t r a n s i e n t ,  t h e  a b i l i t y  of a system t o  follow an 
acce lera t ing  schedule depends T o n  t h e  higher frequency c h a r a c t e r i s t i c s  
of acce lera t ion  - fue l - f  low response. The lowest pe r t inen t  f requencies  

a r e  about - cycle during the  t r ans i en t ;  thus  engine acce lera t ion  - f u e l -  

flow response below about 0.1 cps need not be considered. 
t h e  dynamics of engine acce lera t ion  f u e l  flow may be approximated as 

1 
2 

Therefore, 

Kfie -t dS 

(1 + =II,2s) 

Var ia t ion  of s teady-state  speed with f u e l  flow i s  given i n  f i g u r e  
4. The s teady-state  speed - fuel-flow gain (%) can be der ived from 
t h i s  curveo 
with speed is  i n  t he  r a t i o  of more than 8, t h e  highest  gain being a t  
i d l e .  

As shown i n  f i g u r e  5, t h e  t o t a l  va r i a t ion  of t h i s  gain 

The midfrequency acce lera t ion  - fuel-f  low gain (Kfi) va r i a t ion  w i t h  
speed i s  shown i n  f i g u r e  6. It can be shown t h a t  

The t o t a l  va r i a t ion  of t h i s  gain is  i n  t h e . r a t i o  of about 1.5, which i s  
much l e s s  than t h e  speed - fuel-flow gain. 

The dead time var ies  with speed as shown i n  f i g u r e  7. The dead 
time w a s  found t o  be on t h e  order  of 0.10 second a t  i d l e ,  dropping down 
t o  about 0.052 second at  6500 rpm, and r i s i n g  again t o  about 0.078 
second a t  r a t e d  speed. 

The two-engine lag-time constants,  Z L , ~  and TL,~, a r e  shown i n  
f igu re  EI as  a funct ion of engine speed. 
var ies  between 9 and 0.9 second; t h e  second time constant i s  much 
shor te r ,  varying between 0.08 and 0.032 second. 

The f irst  time constant  (zL,l) 
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Surge and s t a l l  l i m i t s .  - Data were taken t o  determine the engine 
acce lera t ion  and speed when the engine f i rs t  went i n t o  s ta l l  o r  surge 
after a l a rge  disturbance i n  f u e l  flow. 
d a t a  points.  
shown i n  r e l a t i o n  t o  these  poin ts .  

Figure 9 shows a number of these .r 

The shape and t h e  operating range of the schedule used are 

PROCEDURE AND RANGE (3' VARLABLES 

The experimental program cons is ted  of engine acce le ra t ion  con- 
t r o l l e d  by (1) t h e  acce lera t ion- l imi t ing  c o n t r o l  (one-loop con t ro l )  and 
(2) t h e  combination acce lera t ion- l imi t ing  and speed-error c o n t r o l  (two- 
loop cont ro l )  . 

Transient da t a  were recorded on a d i rec t - reading  oscil lograph, whose 
frequency response w a s  e s s e n t i a l l y  f l a t  t o  at least 25 cycles p e r  second 
on a l l  channels,, 

One-Loop Control 

A ramp disturbance i n  f u e l  flow w a s  used as a demand s i g n a l  t o  de- 
termine t h e  perf o m n c e  of t h e  acce lera t ion- l imi t ing  control.  
s i e n t s  were i n i t i a t e d  at an engine speed of 4000 m ( i d l e ) ,  and t h e  
following parameters were var ied  ind iv idua l ly :  
turbance; (2) schedule-level bias; (3) c o n t r o l l e r  gain; and (4) con- 
t r o l l e r  time constant, The ramp rate of disturbance w a s  var ied  between 
412 and 4125 pounds per  hour per second and w a s  he ld  constant at 2062 
pounds p e r  hour pe r  second when o the r  parameters were varied. Figure 9 
shows the  range of schedule l e v e l s  used. 

The t r an -  

(3 ramp rate of dis- . 

Evaluation of t h e  c o n t r o l  system and i t s  parameters w a s  made from 
the following c r i t e r i a :  

(1) Stability-limits 

(2) Overshoot of p r e s e t  schedule (hereafter c a l l e d  schedule 
overshoot ) 

(3) Acceleration t i m e  from 4000 t o  5500 r p m  and 4000 t o  6500 rpm 

Two-Loop Control 

I n  order t o  have the two-loop c o n t r o l  acce le ra t e  the engine r a p i d l y  
and safely and a l s o  provide acceptable steady-state speed c o n t r o l  
throughout t h e  range of engine speeds used, each c o n t r o l l e r  ga in  and 
t i m e  constant m u s t  be proper ly  set. Cont ro l le r  t i m e  cons tan ts  of 3 
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seconds f o r  t h e  speed loop and 0.20 second f o r  t h e  acce le ra t ion  loop 
were chosen on t h e  b a s i s  of single-loop preliminary data.. 
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s t a b l e  operation. 
quired i n  t h e  o the r  f o r  s tabi l i ty  reasons. 
s tab i l i ty  l i m i t  gains i s  shown i n  f igu re  10. 

?4 

When t h e  two 

Generally, f o r  high ga in  i n  one loop, low ga in  is re- 
The t h e o r e t i c a l  p l o t  of t h e  

When s m a l l  speed e r r o r s  exist, the f u e l  flow demanded by t h e  speed 
-I 
-I 

d 

c o n t r o l l e r  does not produce acce lera t ions  high enough t o  c ros s  t h e  
schedule so only t h e  speed con t ro l  i s  i n  operation. For t h i s  range of 
speed e r r o r s ,  t h e  speed c o n t r o l  ga in  was set a.s shown i n  f i g u r e  10 a t  po in t  
A. When t h e  speed e r r o r  exceeds a p re se t  amount, t h e  nonlinear c i r c u i t  
i n  t h e  speed c o n t r o l  decreases t h e  speed c o n t r o l  gain. For l a rge  speed 
e r r o r s  the f u e l  flow demanded by the speed c o n t r o l  i s  great enough t o  
produce acce lera t ions  greater than  t h e  scheduled amount, which w i l l  b r i n g  
t h e  acce le ra t ion  loop i n t o  t h e  control. Thus t h e  ga in  of t h e  speed loop 
has  been set t o  a new value, t h e  acce lera t ion  loop has come i n t o  t h e  con- 
t r o l ,  and a new operating po in t  (€3) on figure 10 has been set. I n  order 
t o  f i n d  t h e  e f f e c t s  of each loop ga in  when t h e  two loops are operating, 
each loop ga in  w a s  decreased holding the  o the r  ga in  constant. 

D 

Figure 11 shows t h e  r e l a t i v e  open-loop ga in  p l o t t e d  aga ins t  f re-  
quency of each c o n t r o l  loop when t h e  s y s t e m  i s  set a t  operating po in t  B 
of figure 10. 
f o r  figure 10. Included i n  t h e  acce lera t ion-cont ro l  amplitude response 
a r e  t h e  dynamics of t h e  engine {at 4500 rpm), f u e l  s y s t e m ,  speed sensor, 
acce le ra t ion  sensor, and i ts  proportional-plus-integral  cont ro l .  In-  
cluded i n  t h e  speed-control amplitude response are t h e  dynamics of t h e  
engine (at 4500 rpm), f u e l  system, speed sensor, and i t s  propor t iona l -  
p l u s - i n t e g r a l  control.  When t h e  cont ro l  s e t t i n g s  are made as shown i n  
f i g u r e  10, t h e  acce le ra t ion  c o n t r o l  has higher ga in  a t  frequencies higher 
than  0.0052 cycles p e r  second, bu t  t h e  speed c o n t r o l  gain is  h igher  be- 
low t h i s  frequency. This i s  a b a s i c  requirement f o r  t h e  c o n t r o l  s y s t e m  
t o  operate s ince  it i s  necessary t h a t  t he  accelera,t ion c o n t r o l  have more 
e f f e c t  t h a n  t h e  speed c o n t r o l  during short, r a p i d  acce le ra t ion  t r a n s i e n t s .  

These open-loop responses were used i n  t h e  ca l cu la t ions  

REsuIlllS AND DISCUSSION 

One-bop Control 

A t y p i c a l  acce le ra t ion  t r a n s i e n t  is shown i n  f i g u r e  12. Recorded 
t r a c e s  are speed, fue l  flow, t a i l p i p e  temperature, c o n t r o l l e r  output, 
and acce lera t ion .  Superimposed upon the acce le ra t ion  t r a c e  i s  t h e  ac- 
c e l e r a t i o n  schedule. 
disturbance of 2062 pounds pe r  hour per second i s  appl ied  u n t i l  nea r ly  
r a t e d  fue l  flow i s  reached. The f u e l  flow increases  as a ramp f o r  ap- 
proximately 0.8 second u n t i l  t h e  acce lera t ion  schedule is  reached. When 

From s teady-s ta te  operation a t  4000 rprn a fuel-f  low 



t h e  accelerakion exceeds t h e  schedule, t h e  c o n t r o l l e r  output c a l l s  f o r  a 
reduction i n  f u e l  flow. However, t h e  acce le ra t ion  must continue t o  r i s e  
from the time it first rea.ches t h e  schedule u n t i l  t h e  end of t h e  dead 
t i m e  ( t d ) ,  which produces an i r r educ ib l e  overshoot (about 50 percent of 
t h e  experimenta,l overshoot obtained i n  t h i s  ca.se) . 
then responds t o  t h e  fuel-flow s i g n a l  t d  e a r l i e r  i n  time. Because of 
t h e  f i l t e r  i n  t h e  acce lera t ion  sensor, th is  response i s  somewhat s luggish 
during the i n i t i a l  overshoot. After  t h e  i n i t i a l  overshoot, the cont ro l -  
l e r  t racks the  schedule very we l l  u n t i l  t h e  a ,ccelerat ion demanded by  t h e  
f u e l  f l o w  i s  l e s s  than t h e  schedule. 

The acce le ra t ion  

S t a b i l i t y  l i m i t s .  - Figure 13 shows t y p i c a l  t r a n s i e n t  da ta  f o r  t h e  

The system was considered unstable  if two cycles  of o s c i l l a t i o n  
con t ro l  system when it becomes unstable  during a por t ion  of t h e  t r a n -  
s i e n t .  
appeared. The frequency of t h i s  i n s t a b i l i t y  i s  about 2.4 cps, very 
c lose  t o  t h e  ca.lculated va.lue. Experimental- and theoret ical-system 
s t a b i l i t y  l i m i t s  a r e  shown i n  f i g u r e  14 f o r  acce lera t ions  i n  which t h e  
con t ro l l e r  gain and t i m e  constant were varied.  The t h e o r e t i c a l  s t a b i l i t y  
l i m i t  i s  based upon engine dynamics a t  5000 rpm. Of t h e  engine dynamics, 
t h e  major f ac to r  of s t a b i l i t y  is  t h e  dead time. For very long time con- 
s t a n t s  t h e  gain approaches 0.0725, This represents  a loop ga in  of 2.02 
i n  t h e  midfrequency region. Making t h e  time constant of t h e  con t ro l l e r  
s m a l l  enough t o  approach TL,~ decrea.ses t h e  ma.ximum allowable pro- 
po r t iona l  gain. However, decreasing t h e  con t ro l l e r  t ime constant a l s o  
increases t h e  range of t h e  in t eg ra to r  act ion.  Therefore, within t h i s  
range the response w i l l  be improved. 

Overshoot and acce lera t ion  time. - Schedule overshoot and accelera-  
t i o n  time are p l o t t e d  aga.inst c o n t r o l l e r  gain and time constant i n  f i g -  
ure  15. Acceleration time w a s  measured between 4000 and 5500 rpm, and 
4000 and 6500 rpm. 
i s  increased t o  t h e  s t a b i l i t y  l i m i t ,  the overshoot is decreased. The 
accelerat ion time is increased as t h e  gain i s  increased but  t h i s  i s  not 
a penal ty  because t h e  object  of t h e  con t ro l  i s  t o  l i m i t  acce le ra t ion ,  
which i n  itself w i l l  f i x  a minimum t h e o r e t i c a l  acce le ra t ion  t i m e  as 
shown i n  f igure  15. 
constant approaches T L , ~  and the  gain approaches t h e  s t a b i l i t y  l i m i t .  

A s  t he  gain a t  each controller-t ime-constant s e t t i n g  

The overshoot i s  minimized as t h e  c o n t r o l l e r  time 

Figure 16 i l l u s t r a t e s  t h e  e f f e c t s  of ramp r a t e  of disturbance on 
schedule overshoot and acce lera t ion  t i m e .  The schedule overshoot i n -  
creases near ly  l i n e a r l y  with ramp r a t e s  over t h e  e n t i r e  range of ramp 
rates used. 
s ince  the i r reducib le  overshoot caused by  dead time i s  a func t ion  of 
r a t e  of change of accelerat ion.  
r a the r  tha.n 4000 r p m ,  t h e  dead t i m e  i s  35 percent less, and thus t h e  
overshoot is less .  The acce lera t ion  time decreases as t h e  ramp r a t e  is  
increased because of less t i m e  t o  reach t h e  schedule and higher  accel-  
e ra t ions  during t h e  schedule overshoot. 

A l a rge  p a r t  of t h e  change i n  overshoot i s  due t o  dead t i m e  

When t h e  t r a n s i e n t  starts a t  5000 r p m  
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Figure 17 shows t h e  e f f e c t s  of schedule l e v e l  on acce le ra t ion  t i m e  . and schedule overshoot. A s  expected, acce lera t ion  t i m e  decreases when t h e  
schedi i le  i s  raised. However, as t h e  capac i ty  f o r  acce le ra t ion  of t h e  
engine i s  approached, t h e  acce lera t ion  approaches a constant value. The 
constant value approached by  t h e  acceleration-schedule c o n t r o l  i s  very 
nea r ly  t h a t  approached by t h e  temperature-schedule con t ro l  i n  re fe rence  
2. The schedule overshoot remains approximately t h e  same with v a r i a t i o n  
of schedule l e v e l  u n t i l  t h e  schedule reaches t h e  more nonlinear regions 
of t h e  engine. 

N 

u & 

" 

A very high schedule l e v e l  produces f a s t  acce le ra t ions  but may a l s o  
r e s u l t  i n  s t a l l  or surge as shown i n  f i g u r e  18. A f t e r  going i n t o  s t a l l  
or surge, acce le ra t ion  w i l l  decrease and may even go below t h e  schedule 
leve l .  If t h i s  occurs, t h e  con t ro l l e r  w i l l  increase t h e  f u e l  flow and 
d r ive  t h e  engine further i n t o  t h e  undesirable region u n t i l  t h e  fuel-flow 
l i m i t  i s  reached. 
t h e  fuel-flow demand being made. 

The r e s u l t i n g  damage t o  the engine would depend on 

Two-bop Control 

A t y p i c a l  t r a n s i e n t  i n  acce lera t ion  using the two-loop c o n t r o l  i s  
shown i n  f i g u r e  19. Recorded traces are speed, f u e l  flow, t a i l p i p e  t e m -  
pera ture ,  acce le ra t ion-cont ro l le r  output, speed-controller output, and 
acce lera t ion .  Superimposed upon the acce le ra t ion  t r a c e  is t h e  accelera- 
t i o n  schedule. 
system. This demand is  compared with measured speed, and the r e s u l t i n g  
e r r o r  i s  operated on by a proportional-plus-integral  control.  The output 
of t h i s  c o n t r o l  s e t s  a des i red  f u e l  flow t o  t h e  engine. When t h e  speed 
e r r o r  reaches a p r e s e t  value, t h e  gain of t h e  c o n t r o l  i s  decreased. 
When t h e  accelera,t ion crosses t h e  schedule, t h e  acce lera t ion  c o n t r o l  a c t s  
t h e  same a s  it d i d  slone. After t h e  i n i t i a l  overshoot, t h e  system 
t r a c k s  t h e  schedule very w e l l .  

A ramp disturbance i n  speed demand i s  made upon the 

Figure 20 shows the e f f e c t s  of each loop ga in  of t h e  system on 
schedule overshoot and acce lera t ion  time. 
a t  operating po in t  B on figure 10 at zero-db reference gain.) 
i n  speed-controller ga in  decreases overshoot. A decrease i n  acce lera t ion-  
c o n t r o l l e r  ga in  increases  overshoot by about t h e  same amount. Thus w e  
have two cont ro ls ,  each seeking t o  comply with opposite demands. V a r i -  
t i o n  i n  acce lera t ion-cont ro l le r  gain does not appreciably a f f e c t  acce l -  
e r a t i o n  t i m e  i n  t h i s  range. 
gain, t h e  accelera.t ion time increases. 

(The gains of bo th  loops were 
A decrease 

However, by decreasing t h e  speed-controller 

If t h e  engine should go i n t o  s t a l l  or surge when using t h e  two-loop 
cont ro l ,  considerable damage could r e s u l t .  Since acce le ra t ion  would 
decrease, the acce lera t ion- l imi t ing  con t ro l  loop would have l i t t l e  or 
no e f f e c t  i n  decreasing f u e l  flow. The speed c o n t r o l  would demand a 
fuel-flow increase  as a. func t ion  of t h e  in t eg ra t ed  speed e r r o r .  
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SUMMARY rn msms 
* 

An accelerat ion-l imit ing con t ro l  w a s  used on a t u r b o j e t  engine t o  
study i t s  performance as an acce lera t ion  cont ro l .  The fol lowing results 
were obtained: 

When using the acce lera t ion- l imi t ing  c o n t r o l l e r  alone, midfrequency 

propor t iona l  control .  The major par t  of t h e  phase shif t  t h a t  causes in -  
s t a b i l i t y  i s  due t o  dead t i m e .  

rp 
CD 
w 
v 

open-loop gain i s  l i m i t e d  t o  a m a x i m u m  of 2.02 (at 5000 r p m )  f o r  a stable 

After t h e  i n i t i a l  schedule overshoot (minimum of about 175 rpm/sec), 
the con t ro l  t racked the schedule very w e l l .  A compromise between 
schedule overshoot and acce lera t ion  t i m e  i s  requi red  f o r  a l l  s e t t i n g s  of 
con t ro l l e r  gain and t i m e  constant,  demand rate,  and schedule leve l .  

A s  t he  schedule i s  r a i sed ,  t h e  acce lera t ion  t i m e  decreases and 
f i n a l l y  approaches a l i m i t .  This l i m i t  i s  very c lose  t o  the l i m i t  ap- 
proached by t h e  temperature-schedule c o n t r o l  used i n  reference 2. 

The acce lera t ion- l imi t ing  con t ro l  has  an undesirable  feature i n  
t h a t  i f  s t a l l  o r  surge are encountered, acce lera t ion  decreases and the  
c o n t r o l  a d d s  f u e l  flow t o  dr ive  t h e  engine f u r t h e r  i n t o  undesirable  
conditions.  

When t h e  acce lera t ion  loop i s  added t o  a speed - fuel-flow con t ro l  
loop, t he  para.meters of each con t ro l  m u s t  be adjusted t o  provide a com- 
promise between good accelera , t ion c h a r a c t e r i s t i c s  and s teady-s ta te  speed 
cont ro l .  A nonlinear gain m u s t  be provided i n  the speed c o n t r o l  loop i n  
order  t o  a t t a i n  th i s  performance and yet remain stable. 

If s t a l l  or surge are encountered w i t h  t h e  two-loop cont ro l ,  bo th  
cont ro ls  w i l l  a c t  t o  d r ive  t h e  engine i n t o  the undesirable  conditions.  

L e w i s  F l igh t  Propulsion Laboratory 
Nationa.1 Advisory Committee for Aeronautics 

Cleveland, Ohio, February 21, 1958 
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APPENDIX - SYMBOLS 

r.rrn..r.+nn r.n--,,,+ 
c uyuc. A " "I b vlyyv LAC Y " 

b a t t e r y  voltage 

steady-state speed - fue l - f  low gain 

midfrequency acce lera t ion  - fuel-f low gain 

potentiometer s e t t i n g  

res i s t ive  component 

Laplacian operator  

d i f f e r e n t i a t o r  t i m e  constant 

speed - fuel-flow, lag-time constant 

f i l t e r  time constant 

speed - fuel-f low dead time 

amplifier voltage 

0 
0 
0 
0 
0 

0 0 0  
0 
0 .  
0 
0 0 0  

Subscripts  : 

i input  

0 output 

1,2,3 designat ion of r e s i s t o r ,  capacitor,  or lag-time constant  
as noted i n  diagrams 

11 

Superscr ipt  : 

I nonlinear s t a b i l i z i n g  u n i t  
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(b) Schematic diagram of nonlinear cont ro l .  

Figure 1. - Concluded. Control loop for  acce lera t  ion-schedule 
accelerat ion cont ro l .  
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(b) Schematic diagram of nonlinear s t a b i l i z i n g  u n i t .  

Figure 2. - Concluded. Control loops fo r  acceleration-schedule 
acce lera t ion  cont ro l  and speed cont ro l .  
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Figure 4 .  - V a r i a t i o n  of steady-state f u e l  f low with speed. 
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Figure 8. - Variation of engine-speed - fuel-flow time 
constants with speed. 
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Figure 15. - Variat ion of schedule overshoot and accelerat ion time 
with cont ro l le r  gain and t i m e  constant .  
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Figure 16. - Variation of schedule overshoot and acceleration time with ramp 
ra te  of fuel-flow disturbance a t  start ing speeds of 4000 and 5000 r p m .  
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Figure 17. - Variation of schedule overshoot and acceleration t i m e  
w i t h  schedule level.  
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Figure 19. - Typical acceleration transient using two-loop control. 
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